Purpose: Congenital central hypoventilation syndrome (CCHS, OMIM 209880) is a rare autosomal dominant disorder caused by mutation in PHOX2B that manifests as a consequence of abnormal neural crest cell migration during embryogenesis. Unlike other neurocristopathies, however, its impact on the cardiovascular system has not been previously assessed. This study was an effort to characterize the association between congenital heart disease (CHD) and mutations in PHOX2B in patients with CCHS.
INTRODUCTION
Congenital central hypoventilation syndrome (CCHS, OMIM 209880) is a rare autosomal dominant disorder characterized by central alveolar hypoventilation, Hirschsprung disease (HSCR), risk for tumors of neural crest cell origin, and risk for cardiac arrhythmias. It results from mutation in the gene PHOX2B, which encodes a homeodomain transcription factor critical for normal neural crest cell migration during embryogenesis. Mutant PHOX2B has been clearly documented to result in aberrant neural crest cell migration in both the brain and enteric nervous system. Failure of normal enteric neural crest cell migration 1 and neuronal specification to the locus ceruleus 2 results in two of the hallmarks of this disorder, Hirschsprung disease and decreased sensitivity to hypercapnia, respectively. Predisposition to development of tumors of the sympathetic nervous system, most commonly neuroblastoma, is also attributed to this phenomenon. 3 The role PHOX2B may play with respect to cardiac neural crest cell migration and differentiation, however, has not been defined.
It is widely accepted that cardiac neural crest cell (cNCC) migration and differentiation is a critical component of normal development of the pharyngeal arch arteries, aortic arch, and cardiac outflow tract. 4 Absent or reduced numbers of cNCCs migrating into the developing heart result in a wide range of cardiovascular defects including cotruncal anomalies and abnormalities as a result of erroneous remodeling of the pharyngeal arches. [5] [6] [7] [8] Previous studies examining cNCCderived mesenchymal cells in mammalian models have confirmed substantial contribution to the development of the pharyngeal arches, proximal aortic arch, 9 proximal origins of the coronary arteries, the semilunar valves, and the atrioventricular valves, 9-11 but the mechanisms regulating their migration are largely unknown.
We recently reported two patients with mutation in PHOX2B and congenital heart disease (CHD). 12 There have been two additional reports of CHD in association with PHOX2B mutation, one patient with tetralogy of Fallot 13 and a patient identified as having a ventricular septal defect. 14 Therefore, to determine whether an association between CHD and mutation in PHOX2B existed, a single-institution retrospective review was performed. The potential mechanisms in which mutant PHOX2B may result in aberrant cNCC migration and differentiation are also discussed. All data was queried and extracted from the electronic health record system with manual extraction via chart review. Inclusion criteria consisted of a diagnosis of CCHS based on the presence of central alveolar hypoventilation in the absence of primary pulmonary, cardiac, neuromuscular, or neurologic disease. Results of molecular analysis of the PHOX2B gene, when available, were used for confirmation of clinical diagnosis. If molecular testing had not been performed, the presence of associated comorbidities such as autonomic dysfunction and Hirschsprung disease was considered supportive of diagnosis and indicative of inclusion in the study. Patients in whom a secondary cause of central alveolar hypoventilation was present or PHOX2B sequencing was negative were excluded.
MATERIALS AND METHODS
Data collected in individuals who met clinical criteria for diagnosis of CCHS included results of PHOX2B sequencing, details of cardiac anatomy as reported by echocardiogram, electrocardiogram findings, and Holter monitor reports. All patients had received screening echocardiograms per the American Thoracic Society clinical policy statement due to risk for development of pulmonary hypertension. 15 Clinical summary of echocardiogram findings was reviewed for all patients. Images were reviewed if study was reported as abnormal or if findings were ambiguous.
To determine significance of findings, a Fisher's exact twotailed test was performed comparing the prevalence of CHD in our cohort with the most recent estimates for the prevalence of CHD within the United States (6.9 per 1,000 live births) and worldwide (8 per 1,000 live births). 16 Relative risk for patients with CCHS as compared with these two control populations was also calculated.
To substantiate functional implications of these mutations, a 3D model of the homeobox domain of human Phox2b protein was retrieved from the ModBase database. 17 Protein structure analysis and in silico mutagenesis were conducted using PyMol.
RESULTS
Twenty-six patients who met the clinical criteria for diagnosis of CCHS were identified and had charts available for review (Supplementary Table S1 online); however, only 20 had undergone molecular analysis of PHOX2B. Of those with molecular sequencing results, 11 had a polyalanine repeat mutation in exon 3 while 9 patients were identified as having a nonpolyalanine repeat mutation. One patient had a deletion on chromosome 4 that included the PHOX2B gene. All PHOX2B variants identified in patients with CHD were either known pathogenic mutations or did not have minor allele frequencies within the general population databases ( Table 1) .
Clinical findings are summarized in Table 1 . Among patients with molecularly confirmed CCHS, 6 patients (6/20, 30%) were identified as having clinically significant heart disease, and 14 patients had normal cardiac anatomy. One patient who met clinical criteria for CCHS based on polysomnography was identified as having diffuse chamber enlargement with aortic regurgitation at age 9. This was suggestive that an underlying defect may have been present leading to progressive ventricular and aortic valve enlargement. However, because molecular confirmation of PHOX2B was not performed, this result was excluded from statistical analysis.
One patient was identified with a nonpolyalanine repeat mutation and an anomalous left vertebral artery arising directly from the aortic arch. Although this is considered a normal aortic arch variant, it is uncommon, with an estimated prevalence between 3 and 8% 18, 19 in the general population. Five patients had anomalies involving the proximal aortic arch and/or proximal coronary arteries.
The calculated prevalence of CHD among patients with CCHS and molecular confirmation of mutation or deletion in PHOX2B at our institution was 30% (6/20, p o 0.001). Relative risk for this population compared with the estimated prevalence of CHD in the United States was 42.9 (confidence interval 15.9-116.1, p o 0.001); when compared with the worldwide estimate of 8 per 1,000 live births, relative risk was 37.5 (confidence interval 14.3-98.1, p o 0.001). Figure 1 Approximate genomic location of PHOX2B variants associated with congenital heart disease (CHD) and/or an aortic arch variant. Conserved arginine residues in the homeobox domain (positions 141 and 149) are also indicated. R141 is predicted to bind a phosphate group of nucleotides within target DNA motifs. R149 is predicted to be involved in 3D fold stabilization of the homeobox domain via electrostatic interaction with E114.
The 3D model of the PHOX2B homeobox domain, where both mutations p.R141Q and p.R149L are located (Figure 1) , was aligned to a resolved structure of the human PBX1 homeodomain cocrystallized with a DNA (Protein Databank ID 1B72, chain B). The alignment resulted in root mean square deviation 1.844 Å between 286 aligned nonhydrogen atoms, enabling the reliable localization of the mutated positions and their intra-and intermolecular contacts (Figure 2 ). Arg141 appears to be in contact with the phosphate group of the DNA backbone suggesting its role in the homeobox domain as a supporting residue that contributes to nonspecific binding affinity to DNA. Arg149 is in electrostatic interaction with Glu114 located at the opposite α-helix of the same homeobox domain suggesting its primary role in the stabilization of 3D fold of the homeodomain. Possible functional consequences of identified mutations are summarized in Table 2 .
DISCUSSION
Congenital heart disease, specifically anomalies involving the aortic arch and proximal coronary arteries, appears to be more common in patients with CCHS than the general population. The prevalence of CHD in our cohort was substantially higher than the estimated prevalence in both the United States and worldwide. All PHOX2B variants associated with CHD in our cohort were either previously described pathogenic variants or absent from the general population databases (Table 1) ; therefore, it is unlikely that the observed association is secondary to rare ethnic variants. Our cohort exhibited a female predominance, but this is also unlikely to have contributed to our findings as several studies have demonstrated a male predominance in CHD. 16, [20] [21] [22] [23] These findings are strongly suggestive that PHOX2B plays a key role in the embryologic development of the heart and the identified variants are responsible for the observed anatomic changes. Table 2 Predicted functional consequence of mutation in PHOX2B for those associated with congenital heart disease or aortic arch variation Aortic arch anomalies are believed to account for approximately one-fifth of all CHD; 24 however, the proportion of involvement of the aortic arch and its derivatives in our cohort was much higher. The majority of patients with CHD and CCHS had anomalies involving the proximal aortic arch and/or proximal coronary arteries. An additional patient was identified as having an anomalous left vertebral artery arising directly from the aortic arch. Although this is considered a normal aortic arch variant, it is uncommon, with an estimated prevalence of 3-8% in the general population. 18, 19 The concentration of defects associated with the aortic arch and pharyngeal arch derivatives is likely directly related to their shared embryologic origin and dependence on migration of cNCCs. Prior studies have demonstrated mesenchymal cells within the ascending arch of the aorta, the ductus arteriosus and subsequent ligamentum arteriosum, 9 the semilunar valves, and origins of the coronary arteries are cNCC derived. 9 Jiang et al. 9 also found that in aortic arch malformations, labeled neural crest cells could be identified in pharyngeal arch arteries that should have lost their investment of neural crest cells, indicating that the fate of the aortic arch arteries and cardiac neural crest cells are directly related.
Although there is no currently confirmed mechanism, CHD in CCHS may be the result of aberrant interaction between PHOX2B mutant protein, SOX10, and TWIST1. Twist1 has been found to play a critical role in cell fate in cardiac neural crest cells and is necessary for appropriate cNCC migration into the developing heart 25 from the neural tube along proper pathways. 26 During mesodermal cardiac neural crest cell differentiation, Twist1 and SOX10 have been demonstrated to bind to the PHOX2B promoter to repress transcriptional activity. 25 It is possible that mutation in the sequence of PHOX2B provides a mechanism for escape of downregulation of transcriptional activity. Further studies to assess the contribution of PHOX2B to the migration of cardiac neural crest cells into the developing heart are needed.
Echocardiography is sufficient for diagnostic purposes in neonates and young children with CCHS; however, complete delineation of anomalies may require 3D imaging such as magnetic resonance imaging and computerized tomography. In patients in whom the aortic arch cannot be visualized, cross sectional imaging should be recommended. It is important to note, however, that ionizing radiation should be avoided in this population given predisposition to malignancy. 27 Of the seven patients identified with CHD or an aortic arch variant, five had either a nonpolyalanine repeat mutation or whole-gene deletion ( Table 1) . It is still unclear how mutant PHOX2B exerts pathologic effect. Lascio et al. 28 demonstrated decreased binding to target promoters in mutant PHOX2B with expanded alanine tracts. The variants associated with CHD in our cohort also appear to disrupt DNA binding via alteration of the homeobox domain ( Table 2) . Replacement of the arginine residue at position 141 to glutamine (p.R141Q) most likely reduces binding affinity of PHOX2B to DNA. The p.R149L mutation disrupts electrostatic interaction between R149 and E114 thereby destabilizing a 3D fold of the homeobox domain and hence protein-DNA interaction whereas the p.Y78* variant lacks the entire homeodomain. These data are highly suggestive that nonpolyalanine repeat mutations that alter or eliminate the homeobox domain carry a high risk for associated CHD or aortic arch variation.
Potential target promoters of PHOX2B in the developing heart are currently unknown. Interplay between PHOX2B, SOX10, and Twist1 in the mammalian heart has been demonstrated in prior experiments. 25 Twist1 has been found to play a critical role in cell fate in cardiac neural crest cells and is necessary for appropriate migration from the neural tube along proper cardiac neural crest cell pathways. 26 During mesodermal cardiac neural crest cell differentiation, Twist1 and SOX10 are believed to bind to the PHOX2B promoter to repress transcriptional activity, 25 but further studies are necessary to clarify this interaction.
There is a need for a large-scale, multicenter study to confirm these findings. In vitro studies to examine the PHOX2B expression pattern in the development of the mammalian heart, the associated cellular pathways, and mechanism leading to aberrant pharyngeal arch development are also necessary.
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